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INTRODUCTION
Prion diseases, also called spongiform encephalopathies, are fatal neurodegenerative disorders that have attracted enormous attention not only for their unique biological features but also for their impact on public health. This group of diseases includes kuru, Creutzfeldt-Jakob disease (CJD), GerstmannSträussler syndrome (GSS), and fatal familial insomnia (FFI) in human beings, as well as scrapie in sheep and goats, bovine spongiform encephalopathy (BSE) in cattle, and encephalopathies in mink, cats, mule deer, elk, and several exotic ungulates (61, 128) . The primary symptom of the human disorders is dementia, usually accompanied by manifestations of motor dysfunction such as cerebellar ataxia, myoclonus, and pyramidal or extrapyramidal signs. FFI is also characterized by dysautonomia and sleep disturbances. The symptoms appear insidiously in middle to late adult life and last from months (CJD, FFI, and kuru) to years (GSS) prior to death. Neuropathologically, these disorders produce a characteristic spongiform degeneration of the brain, as well as deposition of amyloid plaques (most prominent in GSS and kuru). Prion diseases share important clinical, neuropathological and cell biological features with another, more common cerebral amyloidosis, Alzheimer's disease (122) .
Prion diseases have now become a subject of intense general interest because of the potential risks they pose to public health. An epidemic of BSE ("mad cow disease") that began in Britain in 1986 has caused the deaths of almost 200,000 cattle, and a much larger number of animals have probably been infected (3, 129, 179) . The epidemic arose as a result of a change in the rendering process used to prepare cattle feed from ruminant offal. Although a government-imposed feed ban in 1988 has significantly reduced the incidence of the disease, it has had a major economic and political impact throughout Europe. What is most troubling is the appearance since 1996 of about 40 cases of "new-variant" CJD in Britain and 1 case in France (33, 183) . The clinical, neuropathological, molecular, and transmission characteristics of these cases distinguish them from sporadic CJD and strongly indicate that they were acquired by consumption of beef from cattle affected with BSE (19, 42, 183) . Whether new-variant CJD will acquire epidemic proportions or be self-limited is difficult to predict at this point because of the long incubation time of the disease. Other examples of inadvertent spread of prion diseases include cases of CJD that resulted from contaminated dura mater grafts, corneal transplants, neurosurgical instruments, and cadaveric growth hormone (18) . There is also debate about whether infection can be transmitted via blood transfusion or administration of blood-derived products (17) .
MANIFESTATIONS OF PRION DISEASES AND THE PRION HYPOTHESIS
Three different manifestations of prion diseases are recognized: infectious, familial, and sporadic. Studies of the infectious etiology of these disorders and the chemical form of the transmissible agent have an interesting history. The infectious nature of scrapie, a neurological disease of sheep which is characterized by intense pruritus that causes the animals to scrape against walls and fences, was first demonstrated in 1939, when the disease was experimentally transmitted to goats by intraocular injection (46) . In the 1950s, Carleton Gajdusek and his colleagues described a strange neurodegenerative disease of the Fore tribe of New Guinea called kuru, which was transmitted among the members of this group by ritual cannibalism (63) . After William Hadlow pointed out the neuropathological similarities between kuru and scrapie (67) , subsequent work demonstrated that kuru and CJD were transmissible to nonhuman primates, clearly establishing the infectious nature of these illnesses (62) . There is a remarkable species specificity to the transmission of prion diseases, first pointed out by Pattison (117) , that manifests itself in prolonged incubation times upon first passage between species. This effect is observable even between closely related species such as mice and hamsters (149) .
The unusual properties of the infectious agent became the focus of attention beginning in the 1960s, and in the early 1980s Stanley Prusiner, building upon earlier suggestions (1, 66) , proposed the prion hypothesis (127) . This stated that the infectious agent in human and animal spongiform encephalopathies was composed exclusively of a single kind of protein molecule designated PrP Sc without any encoding nucleic acid. Subsequent work has shown that PrP Sc is, in fact, a conformationally altered form of normal, host-encoded membrane glycoprotein called PrP C (81, 128, 132) . It was proposed that PrP Sc impresses its abnormal conformation on PrP C , thereby generating additional molecules of PrP Sc in an autocatalytic reaction (10, 39, 44, 60, 79) . Prion diseases therefore exemplify a novel pathogenic mechanism based on a self-propagating change in protein conformation. The identification of proteins in yeast (92, 98) and filamentous fungi (45) that behave like prions makes it likely that inheritance of biological information via protein conformation will prove to be a quite general phenomenon in nature.
There is now a great deal of compelling evidence in favor of the prion hypothesis, which has been critically reviewed elsewhere (23, 36, 132) . There is little question that PrP plays a key role in the disease process, and it has become increasingly difficult to explain all the existing data by a viral theory of pathogenesis. It is important to recognize, however, that perhaps the most definitive test of the protein-only model has yet to be successfully carried out: producing infectivity de novo in a test tube by experimental manipulation of recombinant or synthetic PrP. The absence of this evidence does not invalidate the prion hypothesis but may simply underscore the difficulty of reconstituting this remarkable molecular transformation.
Prion diseases are unique because they can arise by inheritance as well as by infection. About 10% of the cases of CJD and all cases of GSS and FFI are linked to germ line mutations in the PrP gene on chromosome 20 (116, 130, 186) . The mutations are presumed to favor spontaneous conversion of the protein to the PrP Sc state without the necessity for contact with exogenous infectious agent (39) . Point mutations occur in the C-terminal half of the PrP molecule and are associated with either CJD, GSS, or FFI. Insertional mutations, which are associated with CJD, occur in the N-terminal half of the protein and consist of one to nine additional copies of an octapeptide repeat that is normally present at five copies. A polymorphism at codon 129, which can encode either methionine or valine, can profoundly influence the phenotypic characteristics of the disease caused by pathogenic mutations in other positions (64) . Although they arise spontaneously as a result of a PrP mutation, familial prion diseases are transmissible to laboratory animals, thus demonstrating that the mutation has induced the formation of infectious prions.
Sporadic forms of prion disease, which include most cases of CJD, display no obvious infectious or genetic etiology. They may be attributable to spontaneous conversion of wild-type PrP C to the PrP Sc state, or to the presence of as yet undetected somatic mutations in the protein that favor its conversion to PrP Sc (39) .
EXPERIMENTAL APPROACHES TO PRION DISEASES
Defining the mechanisms underlying the generation of PrP Sc from PrP C has become one of the central issues in understanding the pathogenesis of prion diseases. This question has been addressed experimentally by a variety of approaches, including structural analysis of PrP isoforms by spectroscopic techniques (31, 55, 113, 137, 142) , generation of mice carrying modified or ablated PrP genes (38, 152, 180) , and development of model systems in which PrP peptides and purified proteins are used to reconstitute the production of PrP Sc in vitro (7, 84, 88, 89) . One particularly useful approach has been a cell biological one: investigating the biosynthesis, posttranslational processing, cellular localization, and trafficking of PrP C and PrP Sc . This kind of analysis, which involves techniques of cell culture, metabolic labeling, microscopy, and subcellular fractionation, has a number of advantages. First, it allows one to examine the properties of PrP in the setting of native cellular structures and cofactors that are likely to be critical in mediating the efficient conversion of PrP C into PrP Sc . Second, a great deal is now known about the biology of membrane glycoproteins, and a number of sophisticated experimental techniques are available for studying them. Finally, a cell biological approach has been enormously fruitful in the study of a closely related but much more common neurodegenerative disorder, Alzheimer's disease (153) , and it is possible to gain insight from this work which informs our understanding of prion diseases.
In this review, I discuss what is known about the cell biology of PrP, focusing first on PrP C , then on PrP Sc , and finally on the molecular nature of the PrP C 3PrP
Sc conversion reaction.
CELL BIOLOGY OF PrP

C
Expression and Function of PrP C PrP C is normal cellular protein that is expressed in the neurons and glia of the brain and spinal cord, as well as in several peripheral tissues and in leukocytes (6, 25, 54, 73, 103, 108) . PrP mRNA is first detectable in the brains of mice and chickens beginning early in embryogenesis, and its level increases as development proceeds (73, 103) . In the adult central nervous system, PrP and its mRNA are widely distributed, with particular concentrations in neocortical and hippocampal neurons, cerebellar Purkinje cells, and spinal motor neurons (49, 90) .
The normal function of PrP C remains unknown, although its localization on the cell surface would be consistent with roles in cell adhesion and recognition, ligand uptake, or transmembrane signaling. Defining the physiological role of PrP C may be relevant to understanding the disease state, since the protein may fail to perform its normal function when it is converted to the PrP Sc isoform. Mice in which the endogenous PrP gene has been disrupted display no gross developmental or anatomical defects (21) but are reported in some studies to have electrophysiological and structural abnormalities in the hippocampus (40, 41, 43, 104, 182) , loss of cerebellar Purkinje cells (144) , alterations in circadian rhythm and sleep pattern (176) , and changes in learning and memory (112) . However, other inves-tigators did not observe certain of these features (21, 78, 100) ; this may be due to differences between lines of mice in the region of the PrP gene that was replaced. In any case, how the abnormal phenotypes of PrP-null mice, when present, relate to the normal function of PrP C is unclear. It has recently been suggested that PrP C may play a role in copper metabolism, since purified PrP C binds copper via its peptide repeat region and since the brains of PrP-null mice display a reduced content of membrane-associated copper and a decreased activity of copper-zinc superoxide dismutase (15, 16, 80) . Our own analysis of the effect of copper ions on the cellular trafficking of PrP C (118) supports the hypothesis that PrP C may serve as an endocytic receptor for the uptake of copper from the extracellular milieu (see below).
Structure and Biosynthesis of PrP
C
The mammalian PrP gene encodes a protein of approximately 250 amino acids that contains several distinct domains, including an N-terminal signal peptide, a series of five prolineand glycine-rich octapeptide repeats, a central hydrophobic segment that is highly conserved, and a C-terminal hydrophobic region that is a signal for addition of a glycosyl-phosphatidylinositol (GPI) anchor (Fig. 1) .
Like other membrane proteins, PrP C is synthesized in the rough endoplasmic reticulum (ER) and transits the Golgi on its way to the cell surface. During its biosynthesis, PrP C is subject to several kinds of posttranslational modifications (Fig.  2) , including cleavage of the N-terminal signal peptide, addition of N-linked oligosaccharide chains at two sites, formation of a single disulfide bond, and attachment of the GPI anchor (68, 163, 177) . The N-linked oligosaccharide chains added initially in the ER are of the high-mannose type and are sensitive to digestion by endoglycosidase H; these are subsequently modified in the Golgi to yield complex-type chains that contain sialic acid and are resistant to endoglycosidase H (26). The GPI anchor, which is added in the ER after cleavage of the C-terminal hydrophobic segment, has a core structure common to other glycolipid-anchored proteins, consisting of an ethanolamine residue amide-bonded to the C-terminal amino acid, three mannose residues, an unacetylated glucosamine residue, and a PI molecule which is embedded in the outer leaflet of the lipid bilayer (see Fig. 7 ). The GPI anchors of both PrP C and PrP Sc are unusual because their cores are modified by the addition of sialic acid residues (161 (57, 161) . There is evidence that experimental alterations in N glycosylation modify the biosynthetic transport of PrP C . Mutation of both consensus sites for N glycosylation in rodent PrP or of the more N-terminal site alone causes the protein to misfold and accumulate in a compartment proximal to the mid-Golgi stack (97, 138) . However, correct N glycosylation is not absolutely required for biosynthetic transport, since mutation of the Cterminal consensus site alone or synthesis of wild-type PrP C in the presence of the glycosylation inhibitor tunicamycin still allows a substantial number of molecules to be expressed on the cell surface (97) . In fact, small amounts of unglycosylated wild-type PrP C are often detectable on the plasma membrane even in the absence of any inhibitors (26, 97) . Surprisingly, molecules with either one or both N-glycosylation consensus sites mutated exhibit several biochemical properties of PrP Sc , and the same is true to a limited extent for wild-type PrP C molecules synthesized in the presence of tunicamycin (97). The conclusion from these studies is that wildtype PrP C has an intrinsic tendency to adopt some PrP Sc -like features during its normal conformational maturation but that N-linked glycan chains protect against this change. This phenomenon may be related to the observation that different prion strains sometimes display distinctive patterns of glycosylation (42, 50, 87, 107, 114) .
Posttranslational Cleavage of PrP
C
Our own work (71) and that of others (12, 26, 27, 34, 168, 171) with transfected cell lines, as well as brain tissue and cerebrospinal fluid, has shown that PrP C undergoes two posttranslational cleavages as part of its normal metabolism. One cleavage (labeled A in Fig. 1 ) occurs within the GPI anchor and releases the polypeptide chain into the extracellular medium. The cellular location in which this cleavage occurs is not known, although for other GPI-anchored proteins which undergo a similar cleavage it has been speculated that a cell surface phospholipase is responsible (102) . The second cleavage (labeled B in Fig. 1 ) is proteolytic and occurs within a segment of 16 hydrophobic amino acids that is completely conserved in all cloned PrP species. Our own data indicate that cleavage B occurs within an endocytic compartment of the cell (see the next section), although Taraboulos et al. (171) suggested that cholesterol-rich domains of the plasma membrane are involved. Both cleavages occur relatively slowly in comparison with the half-life of the protein, so that at steady state several different cleavage products in addition to the intact protein can be detected. The physiological significance of the cleavages is uncertain. The 10-kDa N-terminal fragment released by cleavage B could serve as a biologically active ligand, by analogy to polypeptide growth factors that are released by cleavage of membrane-bound precursors. Alternatively, if PrP C functions as a cell surface receptor, the cleavages may represent mechanisms of receptor down-regulation.
Subcellular Localization and Trafficking of PrP
C
PrP
C is a cell surface protein, most of which is found on the plasma membrane. Because it is attached exclusively by its GPI anchor, it can be released from the cell surface by treatment with the bacterial enzyme PI-specific phospholipase C (PI-PLC), which cleaves off the diacylglycerol portion of the anchor (see Fig. 7B ) (13, 24, 94) .
There is biochemical evidence that PrP C in neurons is axonally transported to nerve terminals (11), consistent with the localization of the protein in synaptic profiles as shown by immunoelectron microscopy (59, 145) . Light microscopic immunocytochemistry shows that PrP C is concentrated primarily in synaptic fields of the olfactory bulb, limbic structures, and striato-nigral complex, with little staining of neuronal perikarya or fiber pathways, except for the olfactory nerve (145) . These morphological data would suggest a role for PrP C in synaptic function, although additional studies are clearly necessary. For example, it will be important to determine the relative distribution of the protein in presynaptic and postsynaptic elements and whether it is present in synaptic vesicles. In addition, nothing is known about the pathways involved in biosynthetic targeting of PrP C in polarized cell types like neurons, which contain distinct axonal and somatodendritic surfaces.
We have, however, learned a great deal about the subcellular trafficking of PrP C from studies of transfected cell lines that express the protein. Work from our laboratory has focused on the chicken version of PrP C , although the substantial homology between the avian and mammalian versions of the protein makes it likely that the conclusions we have reached are generally applicable. Our results demonstrate that PrP C does not remain on the cell surface after its delivery there but, rather, constitutively cycles between the plasma membrane and an endocytic compartment ( Fig. 3 ) (155). This conclusion is based on a number of pieces of evidence, including the sensitivity of cleavage B to lysosomotropic amines, leupeptin, and brefeldin A; uptake of fluorescently labeled anti-PrP antibodies from the cell surface; and internalization and recycling of PrP molecules that have been labeled with membrane-impermeant iodination or biotinylation reagents. In cultured neuroblastoma cells, PrP C molecules cycle through the cell with a transit time of ϳ60 min, and during each passage 1 to 5% of the molecules are cleaved at site B. This endocytic recycling pathway is of interest for two reasons. First, it may be the route along which certain steps in the conversion of PrP C to PrP Sc take place (see below). Consistent with this proposal, we have found that sulfated glycans, which are potent antiscrapie therapeutic agents, dramatically stimulate endocytosis of PrP C , directing some of the molecules to late endosomes and/or lysosomes in which we have speculated that conversion to PrP Sc may be inefficient (157) . The existence of a recycling pathway also suggests that one physiological function of PrP C might be to serve as a receptor for uptake of an extracellular ligand, by analogy to the receptors responsible for uptake of transferrin and low-density lipoprotein. One attractive candidate for such a ligand is the copper ion. As discussed above, there are several lines of evidence favoring a connection between PrP C and copper metabolism. We have hypothesized (118) that PrP C binds copper ions on the cell surface and then delivers them to an endocytic compartment within which the bound ions dissociate from PrP C and are transferred to other copper carrier proteins that move the ions into the cytosol; PrP C would then return to the cell surface to begin another cycle. Consistent with this model, we have found that copper ions at physiologically relevant concentrations rapidly and reversibly stimulate endocytosis of PrP C from the cell surface (118) .
Clathrin-Coated Pits and Caveolae
Endocytosis of a number of cell surface receptors such as those for transferrin and low-density lipoprotein takes place in specialized infoldings of the plasma membrane called clathrincoated pits (148) . Clathrin is a large, oligomeric protein that assembles into lattice structures on the inner surface of the plasma membrane, thereby causing the membrane to invaginate and pinch off to form a clathrin-coated vesicle which can subsequently fuse with other intracellular organelles. We have found that clathrin-coated pits and vesicles are the morphological structures responsible for endocytic uptake of PrP C (154). This conclusion is based on immunogold localization of chicken PrP C in these organelles by electron microscopy; inhibition of PrP C internalization by incubation of cells in hypertonic sucrose, which disrupts clathrin lattices; and detection of PrP C in purified preparations of coated vesicles from brain tissue. The N-terminal half of the PrP C polypeptide chain is essential for efficient clathrin-mediated endocytosis (156) . Deletions within this region diminish the internalization of PrP C measured biochemically and reduce the concentration of the protein in coated pits determined morphometrically.
Transmembrane receptors that are endocytosed in coated pits display in their cytoplasmic domains specific amino acid motifs, often containing critical tyrosine residues, that bind to clathrin via specialized adapter proteins (148) . The involvement of clathrin-coated pits in endocytosis of PrP C is therefore surprising, since GPI-anchored proteins such as PrP C lack a cytoplasmic domain. Indeed, it has been speculated that other GPI-anchored proteins are excluded from coated pits and are internalized via other surface invaginations called caveolae (2) . Caveolae, which are coated on their cytoplasmic surface with a protein called caveolin, are particularly abundant in fibroblasts, smooth muscle cells, and endothelial cells. They are postulated to be involved in several kinds of physiological processes, including transcytosis, transmembrane signaling, and cellular uptake of small molecules such as the vitamin folic acid. We have found, however, that caveolae are not responsible for internalization of PrP C in neuronal cells, since these cells lack morphologically recognizable caveolae, and do not express caveolin (154) .
We have observed that when cells are extracted with Triton X-100 at 4°C, PrP C is recovered along with other GPI-anchored proteins in large, detergent-resistant complexes that contain cholesterol and sphingolipids, as well as signaling molecules such as Src-family tyrosine kinases and G-protein subunits (65) . Complexes of similar composition have been prepared from a number of cells and tissues, and it has been speculated that they represent the biochemical equivalent of caveolae (32, 99) . Our results indicate that this hypothesis cannot be true, however, since caveolae are not found in the neuronal cells from which we have extracted PrP-containing complexes. Although it is possible that the complexes are simply an artifact of detergent extraction, they may also correspond to specialized microdomains of the plasma membrane that exist in the intact cell. It has been proposed that such domains (or "rafts") are involved in transmembrane signaling and polarized sorting of membrane proteins (158) . It would be intriguing if PrP were involved in such processes in neurons.
A Putative Receptor for PrP C
To explain the association of PrP C with coated pits, we have postulated the existence of a PrP C receptor, i.e., a transmembrane protein that has a coated-pit localization signal in its cytoplasmic domain and whose extracellular domain binds the N-terminal portion of PrP C (Fig. 4) (70) . Binding of copper ions may enhance the affinity of PrP C for this putative receptor, in line with the stimulatory effect of the metal on endocytosis of PrP C (118) . Identification of a PrP C receptor is now of great importance, since it is likely to provide further clues to the normal function of PrP C and may allow the design of therapeutic strategies for blocking endocytic uptake of PrP C , thereby inhibiting prion replication. Such a receptor might also be involved in the conversion of PrP C into PrP Sc or in the initial uptake of PrP Sc -containing prion particles into cells. We have begun to search for a PrP C receptor by identifying cell surface binding sites for radioiodinated bacterial fusion proteins incorporating segments of the PrP sequence (157) . Thus far, we have detected saturable and specific binding sites on the surfaces of cultured cells that have an affinity of 70 to 240 nM, with ϳ1 million sites per cell. Binding is seen only with fusion proteins incorporating the N-terminal half of the PrP sequence, consistent with the importance of this region in endocytic targeting. Many but not all of the detected binding sites are glycosaminoglycan (GAG) molecules, based on their biochemical properties. Whether either the GAG or non-GAG sites play a role in endocytosis of PrP C remains to be determined.
CELL BIOLOGY OF PrP
SC
Cell Culture Models of Prion Formation
Experimental analysis of conventional viral diseases depends on the ability to grow the infectious agent in cultured cells, and the same has been true for prion diseases. Several cell types are thought to produce PrP Sc following prion infection in vivo, including neurons, astrocytes, and lymphoreticular cells (9, 49, 53, 134) . However, only some neuronally derived cell lines appear to be susceptible to infection with scrapie prions in vitro, including N2a mouse neuroblastoma cells (22, 133) , PC12 rat pheochromocytoma cells (140) , spontaneously immortalized hamster brain (HaB) cells (172) , and T-antigenimmortalized hypothalamic neurons (GT1 cells) (146) (Fig.  5A ). Once infected, these cells continuously produce low levels of PrP Sc which can be recognized by its protease resistance and detergent insolubility in biochemical experiments and by its infectivity in animal bioassays. Surprisingly, the infected cells display no obvious cytopathology, with the exception of the GT1 cells, a subpopulation of which appears to undergo apoptosis (146) . Scrapie-infected N2a cells show alterations in bradykinin-mediated responses and in membrane fluidity, although these abnormalities do not seem to affect the growth or viability of the cells (91, 184) . Indeed, all the infected lines can be cloned and maintained in culture for many passages.
Scrapie-infected cultured cells provide a model of infectious forms of prion diseases, but until recently there had been no comparable model of familial forms (Fig. 5B) . In principle, it should be possible to model familial prion diseases by expression in transfected cells of PrP molecules carrying pathogenic mutations. By comparing cells expressing mutant PrPs with those that have been infected with exogenous prions, it should be possible to directly contrast the familial and infectious manifestations of prion disease at the cellular level. It is important to keep in mind that the mechanisms underlying PrP Sc formation may be different for the infectious and genetic forms. In the first case, exogenous PrP Sc serves as a catalyst for conversion of endogenous PrP C to the PrP Sc state, while in the second case, mutant PrP is spontaneously transformed to PrP Sc . During the last several years, my laboratory has developed a model of familial prion diseases by constructing stably transfected lines of Chinese hamster ovary (CHO) cells that express murine homologues of mutant PrPs associated with all three familial prion diseases of humans (47, (93) (94) (95) (96) (97) . We have found that each of seven different mouse PrPs (moPrPs) carrying a pathogenic mutation displays biochemical properties of PrP Sc . As shown in Fig. 6 , these properties include detergent insolubility, manifested by sedimentation at 265,000 ϫ g from Tritondeoxycholate lysates, and protease resistance, manifested by production of an N-terminally truncated core of 27 to 30 kDa after treatment with proteinase K. Wild-type moPrP and moPrP carrying a mutation (M128V) homologous to a nonpathogenic polymorphism of human PrP do not display these properties. We have also noted subtle biochemical differences among the mutant moPrPs in their glycosylation pattern, proteinase K cleavage site, and degree of detergent insolubility, which may relate to the different clinical and neuropathological phenotypes associated with each protein. In support of the relevance of the cell culture model to an in vivo system, we have recently demonstrated that a mutant PrP expressed in transgenic mice acquires PrP Sc -like properties identical to those seen in CHO cells and also produces clinical neurological dysfunction and neuropathology in the animals (38) .
There are now several other cultured cell systems that have been used to analyze the metabolism of mutant PrP molecules. We have recently shown that mutant moPrPs synthesized in PC12 cells have the same biochemical properties as those produced in CHO cells (37) . Priola and Chesebro (126) have reported that PrP molecules carrying CJD-linked octapeptide insertions are partially protease resistant and detergent insoluble when expressed in N2a neuroblastoma cells and 3T3 fibroblasts. Interestingly, these properties were more pronounced for molecules with longer insertions than for those with shorter insertions and for proteins expressed in 3T3 cells than for those expressed in N2a cells. In 3T3 cells, PrP molecules with longer insertions were also more resistant to PI-PLC release, although in N2a cells, the mutant proteins were released as readily as wild-type PrP. In M17 human neuroblastoma cells, PrP molecules with a D178N mutation (linked to either FFI or CJD, depending on the presence of methionine or valine, respectively, at codon 129) were degraded prior to reaching the cell surface, a defect that was particularly severe for unglycosylated forms (120) . The mutant proteins were protease sensitive and PI-PLC releasable. Finally, the GSS-linked Q217R mutation caused inhibition of surface transport and synthesis of forms lacking a GPI anchor and also increased the protease resistance and detergent insolubility of the protein in M17 cells (159) . Most of these defects were reversed by culturing cells at 24°C, consistent with misfolding of the mutant protein.
Taken together, these studies of cultured cells make it clear that pathogenic mutations induce significant alterations in the metabolism of PrP. One effect of the mutation is that the protein acquires PrP Sc -like biochemical properties, although the extent to which this occurs can vary with the cell type and with the mutation being expressed. It thus seems likely that these culture systems are modeling important features of the PrP C 3PrP Sc conversion process. However, it is important to point out that mutant PrPs synthesized in cultured cells differ in at least one respect from PrP Sc isolated from the brains of humans and animals: the cell-derived PrPs have a considerably lower degree of protease resistance (95, 126, 159) . It remains to be determined whether this difference reflects a variation in protease resistance that is often seen in scrapie isolates from different sources (8) or whether it results from the inefficiency of cultured cells in carrying out some critical step in the conversion process. Clearly, the definitive test of whether mutant PrPs synthesized in cultured cells represent authentic PrP Sc will be to determine whether these proteins are infectious in animal bioassays.
Subcellular Localization of PrP Sc
The subcellular distribution of PrP Sc has been difficult to determine, primarily because this form of the protein displays poor immunoreactivity unless treated with denaturing agents that have a deleterious effect on cell morphology. Immunofluorescence studies of scrapie-infected N2a cells suggest that some PrP Sc molecules reside intracellularly, colocalizing with Golgi markers in some clones but not in others (172) 
Sc also colocalizes with late endosomal and lysosomal markers (4, 106) . It is also clear that some PrP Sc molecules, both mutant and infectious, are present on the cell surface, as shown by immunogold staining for electron microscopy and by labeling of intact cells with membrane-impermeant probes (28, 83, 95, 165) . The tentative conclusion from these studies is that PrP Sc may be widely distributed within infected cells, although improved methods for in situ detection of PrP Sc are clearly needed to establish the relative proportions of the protein in these multiple locations.
Membrane Attachment of PrP Sc
The precise mechanism by which PrP
Sc is attached to cell membranes has been a matter of uncertainty. Chemical analysis of the purified protein demonstrates that PrP Sc , like PrP C , possesses a C-terminal GPI anchor (161) . Unlike PrP C , however, PrP Sc is not releasable from brain membranes with PI-PLC (24, 141, 164) . The lack of release is not due to sequestration in the lumen of a vesicular compartment, since membrane-bound PrP Sc is accessible to biotinylation and protease digestion. After surface labeling, PrP Sc in scrapie-infected N2a cells also cannot be released by incubation of intact cells with PI-PLC (95) . The GPI anchor of purified and denatured PrP Sc is cleavable by PI-PLC (160), suggesting that the anchor is not modified, for example by acylation of the inositol ring, so as to make it intrinsically PI-PLC resistant. Taken together, all of these results argue that PrP Sc is associated with membranes in a way that is different from PrP C , although exactly how they differ is unclear.
Our analysis of mutant PrPs in cultured CHO cells has shed new light on the issue of the membrane attachment of PrP Sc (94) . We found that PrPs carrying pathogenic mutations are glycosylated and expressed on the cell surface but that like PrP Sc from scrapie-infected brain, the mutant proteins are not released from the membrane by treatment with PI-PLC (Fig.  7A ). This property does not result from absence of a GPI anchor structure, since the mutant PrPs metabolically incorporate the anchor precursors [ 3 H]ethanolamine, [ 3 H]palmitate, and [
3 H]stearate. Although we originally postulated that mutant PrPs possessed a secondary mechanism of membrane attachment in addition to their GPI anchors (94) , more recent evidence suggests that the mutant molecules are resistant to PI-PLC-mediated release because their GPI anchors become physically inaccessible to the phospholipase as part of their conversion to the PrP Sc state (110) (Fig. 7C to E ). This conclusion is based on the failure of PI-PLC to quantitatively remove [ 3 H]palmitate label from the proteins or to render them hydrophilic by Triton X-114 phase partitioning or phenyl-Sepharose chromatography, suggesting that the GPI anchor is retained. Resistance to cleavage is observed when PI-PLC is applied to intact cells (Fig. 7C) , as well as when treatment is carried out after lysis in nondenaturing buffers (Fig. 7D) . However, denaturation in sodium dodecyl sulfate (SDS) renders the GPI anchor of the mutant PrPs susceptible to cleavage, indicating that PI-PLC resistance depends on a native structure of the protein (Fig. 7E) . We now view PI-PLC
FIG. 6. MoPrPs carrying disease-related mutations are detergent-insoluble and protease-resistant when expressed in cultured CHO cells. (A) CHO cells expressing wild-type (WT) and mutant moPrPs were labeled with [
35 S]methionine for 20 min and then chased for 3 h. Detergent lysates of the cells were centrifuged first at 16,000 ϫ g for 5 min and then at 265,000 ϫ g for 40 min. moPrP in the supernatants and pellets from the second centrifugation was immunoprecipitated and analyzed by SDS-polyacrylamide gel electrophoresis. PrPspecific bands were quantitated with a PhosphorImager, and the percentage of PrP in the pellet was calculated. Each bar represents the mean Ϯ standard deviation of values from three experiments. Values that are significantly different from wild-type moPrP by Student's t test (P Ͻ 0.001) are indicated by an asterisk. MoPrPs carrying disease-related mutations sediment (i.e., are detergent insoluble), while WT and M128V moPrPs remain largely in the supernatant. Human homologues of the mutant moPrPs analyzed here are associated with the following phenotypes: PG14 (9-octapeptide insertion), CJD variant; P101L, GSS; M128V, normal; D177N/Met128, FFI; D177N/Val128, CJD; F197S/Val128, GSS; E199K, CJD. (B) CHO cells expressing each moPrP were labeled for 3 h with [ 35 S]methionine and chased for 4 h. Proteins in cell lysates were either digested at 37°C for 10 min with 3.3 g of proteinase K per ml (ϩ lanes) or were untreated (Ϫ lanes) prior to recovery of moPrP by immunoprecipitation. Five times as many cell equivalents were loaded in the ϩ lanes as in the Ϫ lanes. Molecular mass markers are in kilodaltons. moPrPs carrying pathogenic mutations yield a protease-resistant fragment of 27 to 30 kDa, while WT and M128V moPrPs are completely degraded. In separate experiments, we have shown that the PrP 27-to 30-kDa fragments are N-terminally truncated after the octapeptide repeats, the same region within which PrP Sc from infected brain is cleaved (96) . Modified from reference 72 with permission of the publisher. resistance as being an operational property analogous to protease resistance and postulate that it reflects an alteration in the structure of PrP attendant upon conversion to the PrP Sc state. We hypothesize that the same structural changes that renders the polypeptide chain of PrP Sc partially inaccessible to proteinase K may also render it inaccessible to PI-PLC. This effect presumably involves a change in the conformation of the polypeptide chain, but it may also be related to aggregation or polymerization of the protein.
Although most PrP C molecules are attached to the cell membrane exclusively by their GPI anchor, it has been reported that there exists a subpopulation that displays a transmembrane orientation. This conclusion was originally based on analysis of PrP molecules synthesized in vitro from synthetic mRNA by using either wheat germ extract or rabbit reticulocyte lysate in the presence of canine pancreatic microsomes (75, 101) . To explain the existence of transmembrane forms, Lingappa and colleagues proposed that a 24-amino-acid region of PrP (the "stop transfer effector") induces a pause in translocation of the polypeptide chain and that cytosolic factors determine whether this intermediate is either converted into a stable transmembrane species or fully translocated into the ER lumen (51, 185) . In subsequent work, these authors postulated the existence of two transmembrane species of PrP with the same membrane-spanning segment (residues 112 to 135) but with opposite orientations of the polypeptide chain (76, 77) . It was suggested that an increase in the proportion of one of these species was induced by the presence of a disease-causing mutation in PrP and that this form was a cause of neurodegeneration. However, a difficulty with all of these studies is that the percentage of the transmembrane forms is usually quite low, and in addition it is not clear whether the GPI anchor has been properly attached, particularly in the in vitro translation system.
Kinetics of PrP Sc Production
The kinetics of PrP Sc production have been examined both in scrapie-infected N2a and HaB cells and in CHO cells expressing mutant PrPs. Protease-resistant PrP in infected cells is generated only during the chase period after pulse-labeling, with half-maximal accumulation requiring several hours (13, 14, 28) . This result is consistent with the idea that transformation of PrP C into PrP Sc is a posttranslational event. Once Sc -like conformation that physically blocks access of PI-PLC to the GPI anchor. It is also possible that aggregation of mutant PrP molecules contributes to the inaccessibility of the anchor. (D) After extraction from the membrane by using nondenaturing detergents like Triton X-100 and deoxycholate (DOC), the abnormal conformation of the mutant protein is maintained and the anchor is still inaccessible to PI-PLC. (E) After denaturation in SDS, the conformation of the mutant protein is disrupted, and the anchor becomes susceptible to PI-PLC cleavage. Panel A is modified from reference 72 with permission of the publisher.
formed, PrP
Sc appears to be metabolically stable for periods as long as 24 to 48 h, in contrast to PrP C , which turns over with a half-life of 4 to 6 h (13, 14, 28) . Only a minority of PrP C molecules are converted to PrP Sc in infected cells, with the remainder being degraded by pathways similar to those found in uninfected cells; these pathways have not been clearly identified, but they may involve acidic compartments such as endosomes and lysosomes (171) .
We have used transfected CHO cells to identify intermediate biochemical steps in the conversion of mutant PrPs to the PrP Sc state (47) . Our strategy was to measure the kinetics with which three PrP Sc -related properties (PI-PLC resistance, detergent insolubility, and protease resistance) develop in pulsechase labeling experiments. This has allowed us to define three steps in the conversion process (Fig. 8) . The earliest biochemical change we could detect in mutant PrP, one that was observable within minutes of pulse-labeling the cells, was the acquisition of PI-PLC resistance, a property that was revealed by partitioning of the phospholipase-treated protein into the detergent phase of Triton X-114 lysates or by its binding to phenyl-Sepharose. The second step is acquisition of detergent insolubility, which is not maximal until after 1 h of chase (96) , arguing that it occurs after the acquisition of PI-PLC resistance. Detergent insolubility presumably reflects aggregation of PrP molecules, and by sucrose gradient fractionation we were able to detect aggregates ranging in size from 4S (monomeric) to over 20S (more than 30 PrP molecules). The third step is acquisition of protease resistance, which is not maximal until several hours after labeling (96) . We have shown that mutant PrP is detergent insoluble and protease sensitive at early times after pulse-labeling, directly demonstrating that acquisition of detergent insolubility and protease resistance are temporally distinct steps. We have hypothesized that the fundamental conformational change that underlies the conversion of mutant PrP C into PrP Sc is reflected in the acquisition of PI-PLC resistance. In this view, detergent insolubility and protease resistance are secondary properties that develop some time after the initial molecular conversion and reflect further "maturation" of mutant PrP molecules, perhaps by aggregation or polymerization.
Although a PI-PLC-resistant intermediate underlies the conversion of mutant PrPs to the PrP Sc state, such an intermediate may not play a role in PrP Sc formation from wild-type PrP C after infection with exogenous prions. Consistent with this idea, there is evidence that PrP Sc in infected neuroblastoma cells is synthesized from a precursor that is PI-PLC sensitive (28) . However, much work remains to be done in characterizing the molecular intermediates in PrP Sc formation in infected cells.
Subcellular Site of PrP Sc Formation
There is surprisingly little information available about how extracellular PrP Sc is taken up by cells during the initial stage of infection. If this uptake were to occur via an endocytic mechanism, PrP Sc may interact with PrP C on the plasma membrane or in endosomes and key events in the conversion process may take place in these locations. In fact, several pieces of evidence suggest that an endocytic pathway is involved in the generation of PrP Sc in scrapie-infected N2a and HaB cells. First, this idea is consistent with the localization of at least some PrP Sc molecules in endosomes and lysosomes. Second, surface iodination of infected cells results in incorporation of radiolabel into PrP Sc after a chase period, arguing that PrP molecules transit the plasma membrane prior to conversion into PrP Sc (28) . Third, treatment of cells with PI-PLC or proteases inhibits the production of PrP Sc , presumably by removal of the PrP C precursor from the cell surface (14, 28) . Consistent with this last result, generation of PrP Sc is also inhibited by treatment of cells with the fungal metabolite brefeldin A, which blocks surface delivery of membrane and secretory proteins (169). These results do not distinguish between the plasma membrane or endosomes as the relevant sites for PrP Sc production.
Recent studies suggest that detergent-resistant subdomains of the plasma membrane (rafts [158] [discussed above]) may be involved in the formation of PrP Sc . Consistent with this idea, both PrP C and PrP Sc are found in raft domains isolated biochemically (65, 111, 171, 178) . In addition, pharmacological depletion of cellular cholesterol, which is known to disrupt rafts, inhibits PrP Sc formation (171) . Finally, artificially constructed transmembrane forms of PrP, which are excluded from rafts, are poor substrates for conversion to PrP Sc (85) . Since PrP Sc is defined by its protease resistance in all of these studies, the results suggest that rafts are involved in the acquisition of this particular property but do not address whether other steps of PrP Sc formation take place in these domains. Our kinetic studies of mutant PrPs synthesized in CHO cells suggest that individual steps in the formation of PrP Sc may take place in at least two different cellular locations (Fig. 8) . Since   FIG. 8 . Scheme for transformation of mutant PrPs to a PrP Sc state. Mutant PrPs are initially synthesized in the PrP C state and acquire PrP Sc properties in a stepwise fashion as they traverse different cellular compartments. PI-PLC resistance, which develops in the ER, reflects folding of the polypeptide chain into the PrP Sc conformation. Detergent insolubility and protease resistance, which develop upon arrival at the plasma membrane or along an endocytic pathway, result from intermolecular aggregation ("maturation"). The times given underneath the boxes indicate when after pulse-labeling the corresponding property is detected. Addition of brefeldin A (BFA) to cells or incubation at 18°C, treatments which block the movement of proteins beyond the Golgi apparatus, inhibit the acquisition of detergent insolubility and protease resistance but not PI-PLC resistance. Adapted from reference 47 with permission of the publisher.
mutant PrPs become PI-PLC resistant within minutes of synthesis in pulse-labeling experiments, this early step must take place in the ER. Consistent with this conclusion, acquisition of PI-PLC resistance is not affected by treatment of cells with brefeldin A or by incubation at 18°C, manipulations which block the exit of proteins beyond the Golgi (47) . In contrast, detergent insolubility and protease resistance, which do not develop until later times of chase and are reduced by brefeldin A and 18°C incubation, are likely to be acquired after arrival of the protein at the cell surface, either on the plasma membrane itself or in endocytic compartments. We have evidence that raft domains might be involved in the acquisition of detergent insolubility and protease resistance, since these two properties are never acquired by chimeric forms of mutant PrP that contain a transmembrane domain in place of a GPI anchor (14a).
Thus, the results of our studies of cells expressing mutant PrPs are consistent with experiments on scrapie-infected cells, but with the additional finding that the very earliest step in PrP Sc synthesis, formation of a PI-PLC-resistant, protease-sensitive intermediate, takes place in the ER rather than on the plasma membrane or in endosomes. Further work is required to determine whether an early ER intermediate is also generated in infected cells. If so, this would presumably require that external PrP Sc somehow gain access to the lumen of the ER in order to interact with newly synthesized PrP C . The idea that the generation of PrP Sc from mutant PrPs may begin in the ER is novel, and it is theoretically appealing because of the well-known role of this organelle in protein folding. It is also reasonable to suggest that ER chaperones are good candidates for the hypothetical cellular cofactors that are widely thought to play an important regulatory role in prion synthesis (see below).
Posttranslational Cleavage of PrP
Sc
PrP
Sc in cultured cells and brain undergoes a proteolytic cleavage that removes a portion of the N terminus (29, 34, 169) . This cleavage occurs at a site (labeled C in Fig. 1 ) distinct from the one at which PrP C is cleaved (labeled B). Cleavage at site C ensues within 1 h after formation of PrP Sc and occurs within the region attacked by proteinase K to yield PrP 27-30. It has been pointed out that cleavage of PrP C site B occurs within an amyloidogenic and neurotoxic region of the polypeptide chain whereas cleavage of PrP Sc at site C leaves this segment intact, thereby implicating N-terminal trimming in regulation of the pathogenicity of PrP (34) . Sensitivity to lysosomotropic amines and protease inhibitors indicates that cleavage of PrP Sc occurs in endosomes or lysosomes, compartments that may play a role in the generation of this isoform, as discussed above. However, N-terminal trimming is not an essential step in the formation of PrP Sc , since PrP Sc is still produced in the presence of lysosomotropic amines that inhibit the trimming (29, 169) .
In samples from many patients with GSS, PrP Sc fragments smaller than 27 to 30 kDa, which are generated by additional cleavages, have been observed (115, 121, 166, 167) . A 7-to 8-kDa fragment is produced by cleavage near residues 80 and 150, and an 11-kDa fragment is produced by cleavage near residues 50 and 150; the termini of these fragments are usually heterogeneous. In some cases, these smaller fragments are major constituents of the amyloid plaques that are characteristic of GSS (121, 166, 167) , and it is reasonable to propose that PrP molecules carrying GSS-linked mutations are metabolized in a distinctive way to generate these amyloidogenic products.
A small percentage of PrP Sc molecules also appear to undergo C-terminal proteolytic cleavage at a position 3 residues from the GPI attachment site (160) ; this cleavage would appear to be distinct from cleavage A in PrP C (Fig. 1) , which occurs within the anchor structure itself.
MOLECULAR NATURE OF THE PrP
C 3PrP
SC CONVERSION REACTION
Structural Changes and Physical Interactions
All available evidence indicates that conversion of PrP C into PrP Sc is conformational rather than covalent and that the two isoforms have the same primary amino acid sequence and probably the same posttranslational additions (132, 162) . The conformational change involves a substantial increase in the amount of ␤-sheet structure of the protein, with possibly a small decrease in the amount of ␣-helix. Circular dichroism and infrared spectroscopy indicate that PrP C contains approximately 42% ␣-helix and 3% ␤-sheet, compared to 30% ␣-helix and 43% ␤-sheet for PrP Sc (31, 113, 142) . A tertiary structure of PrP C , based on nuclear magnetic resonance spectroscopy analysis of recombinant PrP produced in bacteria, includes a long, flexible N-terminal tail (residues 23 to 121), three ␣-helices, and two small, anti-parallel ␤-strands that flank the first ␣-helix (55, 136, 137) . Although a tertiary structure of PrP Sc has not yet been obtained, the current evidence suggests that generation of this isoform involves primarily changes in the N-terminal half of the protein, including folding of a portion of the N-terminal tail from residues 90 to 121 (and possibly part of the first ␣-helix) into ␤-sheet (119). Clearly, a key challenge in the field now is to obtain a complete structure for PrP Sc by spectroscopic and crystallographic techniques and to specify at the atomic level how this structure is produced from the PrP C conformation.
It is thought that during prion infection, a highly specific physical interaction that is responsible for generating new molecules of PrP Sc occurs between PrP C and PrP Sc . This conclusion is based on several kinds of evidence. First, and perhaps most compelling, mice that do not synthesize PrP C because their endogenous PrP gene has been ablated are completely resistant to prion infection (20, 143) . Second, expression of genetically engineered forms of PrP in transgenic mice and cultured cells profoundly alters their susceptibility to prion infection (131, 149, 150) . For example, mice are not normally susceptible to prions derived from hamsters but expression of a hamster PrP transgene in mice renders them susceptible to infection.
Additional studies have provided evidence about which parts of the PrP C substrate are critical for the proposed interaction with PrP
Sc . The N-terminal 66-amino-acid stretch is not required for the conversion, nor is a 36-amino-acid segment that includes helix 1 and the second ␤-strand (58, 109, 139) ; at least one of the N-linked oligosaccharide chains is also dispensable (50, 170) . Within the central region of the protein, the degree of amino acid homology between infectious PrP Sc and endogenous PrP C substrate profoundly influences the efficiency of the conversion process (150, 151, 175) ; mismatch at a single amino acid residue can prevent the formation of PrP Sc (125) . In addition, nonhomologous PrP can interfere with the conversion of homologous PrP in cells expressing both proteins (124) . The exquisite molecular specificity suggested by these experiments is thought to underlie the strong barrier against interspecies transmission of prions.
A final line of evidence favoring a direct interaction between PrP C and PrP Sc comes from in vitro conversion systems in which these two isoforms are mixed in a test tube reaction. In theory, reconstitution of PrP Sc production in vitro by using purified components would provide the most direct way to define the molecular requirements of the conversion reaction. Moreover, if infectivity could be recovered, it would provide the most unambiguous demonstration of the prion hypothesis. A widely used cell-free conversion system involves mixing PrP Sc that has been purified from scrapie-infected brain tissue with metabolically labeled PrP C that has been immunoprecipitated from cultured cells and scoring the amount of radioactive PrP that becomes protease resistant (7, 88, 89, 135) . This system mimics several features of prion propagation in vivo, including species specificity and strain specificity. However, the conversion requires a large excess of PrP Sc over PrP C (Ͼ50-fold), the inverse of the ratio that probably exists during initiation of prion infection in vivo, and thus far it has not been possible to demonstrate infectivity of the converted product. It is possible that cellular factors that are absent in this purified system account in part for its poor stoichiometric efficiency.
Models of PrP Sc Formation
There is currently a vigorous debate about the mechanistic details of the PrP C 3PrP Sc conversion process. One model (nucleated polymerization) suggests that spontaneous conversion of PrP C monomers to the PrP Sc state is stabilized by addition of the monomers to the ends of a preexisting polymer composed of PrP Sc (30, 44, 60, 69) . This process is envisaged as a nucleated polymerization similar to actin or tubulin polymerization, with the barrier between PrP C and PrP Sc being overcome by incorporation of subunits into an ordered polymer. A second model (template assistance) postulates that a relatively small number of PrP C and PrP Sc molecules oligomerize, possibly along with a hypothetical molecular chaperone (5, 82 , possibly in conjunction with the chaperone. These two models, which are not mutually exclusive, are applicable to familial as well as infectious manifestations of prion diseases, since the presence of a pathogenic mutation presumably favors the spontaneous formation of either PrP Sc nuclei or PrP*. A piece of information that will be crucial in deciding between these two models is an understanding of the physical state of PrP Sc inside cells. Molecules of PrP Sc have a strong tendency to aggregate and polymerize, as evidenced by their sedimentation in detergent lysates, their presence in the form of extracellular fibrils in amyloid plaques, and their incorporation into artificial rods following limited proteolysis in the presence of detergent (48, 105 
Role of Molecular Chaperones in the Formation of PrP Sc
Chaperones are proteins that facilitate the folding of polypeptides during their biosynthesis and transport into organelles and that help prevent protein aggregation during conditions of cellular stress such as heat shock (74) . Chaperones are thought to act by binding to their substrates, sometimes in an ATP-dependent manner, and preventing the formation of unproductive folding intermediates. Chaperones are found in several cellular compartments, although the ER is the only organelle through which PrP passes during its cellular trafficking that contains known chaperone molecules. There is currently a great deal of discussion and excitement in the prion field about the possibility that chaperones play a critical role in the generation of PrP Sc (81, 181) . This idea is appealing from a theoretical point of view, since PrP Sc formation involves changes in protein folding and possibly intermolecular aggregation, processes in which chaperones are known to play a role.
There are a number of lines of experimental evidence in favor of chaperone involvement in prion phenomena. First, there are studies of transmission patterns in transgenic mice (175) . Human prions propagate poorly in mice carrying a human PrP transgene, but this effect is alleviated either by eliminating the expression of endogenous mouse PrP or by modifying the human PrP transgene to include N-and C-terminal segments from the mouse PrP gene. These results and others (86) have been interpreted to imply the existence of cellular chaperones, collectively referred to as protein X, that interact in a species-specific way with the C terminus of PrP C during prion propagation. If such chaperones were also cell specific, this might explain the selective propagation of prions in distinct neuronal populations and in particular types of peripheral cells such as those of the lymphoreticular system. Evidence from scrapie-infected neuroblastoma cells also implicates chaperones in prion biogenesis. Several "chemical chaperones" such as glycerol and dimethyl sulfoxide, which stabilize protein conformation, inhibit PrP Sc production in infected cells (173) . Moreover, these cells display alterations in the induction and localization of several cytoplasmic heat shock proteins which function as molecular chaperones (174) . Finally, there is evidence that PrP can bind to two chaperones, mammalian Hsp60 and bacterial GroEL, in a yeast two-hybrid system and in a glutathione S-transferase-agarose pull-down assay (56) .
The most direct evidence that chaperones can affect generation of PrP Sc is provided by experiments in which the yeast chaperone Hsp104 and the bacterial chaperone GroEL have been shown to enhance the formation of PrP Sc in a cell-free conversion system (51). Hsp104 was chosen for these experiments because it interacts both genetically and biochemically with Sup35, a subunit of a translation termination factor in yeast that can exist in a prion-like state referred to as [PSI ϩ ] (35, 147) . Although the effects of Hsp104 and GroEL represent an important demonstration of the principle that chaperones can modulate the PrP C 3PrP Sc conversion process, the two chaperones chosen would not normally come into contact with PrP in a mammalian cell. It will thus be crucial to identify the chaperones with which mammalian PrP interacts in vivo and to see if alterations in the amount or activity of these molecules affect the production of PrP Sc . Candidates might include known ER chaperones, other as yet unidentified chaperone proteins, or, conceivably, nonprotein molecules with which PrP is known to interact, such as glycosaminoglycans (123) .
CONCLUSION AND PERSPECTIVES
The work reviewed here has begun to provide a detailed picture of how cells synthesize, process, and target PrP C and PrP Sc . PrP C is synthesized and matures along the secretory pathway much like other membrane glycoproteins. One important feature is the addition of a GPI anchor, which serves to attach the polypeptide chain to the lipid bilayer without the necessity for a transmembrane domain. Once it reaches the plasma membrane, PrP C is constitutively endocytosed via clathrin-coated vesicles, and some of the molecules are pro-teolytically cleaved in a highly conserved domain before recycling to the cell surface. Efficient endocytosis depends on structural features in the N-terminal half of the PrP molecule and may be mediated by a transmembrane PrP C receptor. The cellular pathways involved in the formation of PrP Sc are summarized in Fig. 9 . PrP Sc is produced from the PrP C precursor as a result of a conformational change involving increased ␤-sheet structure in the N-terminal half of the polypeptide chain. In the infectious manifestation, this structural alteration is induced by a sequence-specific physical interaction between exogenous PrP Sc and endogenous PrP C , a process that may take place in detergent-resistant rafts on the plasma membrane or in endocytic organelles, although other locations have not been ruled out. Once generated, PrP Sc is metabolically stable and becomes localized partly but not exclusively in intracellular organelles, perhaps endosomes and lysosomes, which may be the sites where the N terminus of the protein is proteolytically cleaved.
In familial forms of prion diseases, conversion of PrP C to the PrP Sc conformation is induced by a mutation in the amino acid sequence of the protein. This transformation is accompanied by stepwise acquisition of several biochemical properties characteristic of PrP Sc . The earliest recognizable change is acquisition of PI-PLC resistance, which takes place in the ER and may register the initial conformational alteration of the protein. Detergent insolubility and protease resistance develop later, possibly in raft domains on the plasma membrane or in endocytic compartments.
Several important avenues for future investigation are suggested by the cell biological results summarized here. First, it will be critical to define the mechanism by which PrP C molecules are concentrated in coated pits and vesicles, to determine whether a specific surface receptor is really responsible, and, if so, to isolate and clone it. Further exploration of the interaction between PrP C and copper ions at the cellular level is also warranted. These investigations are likely to provide important clues to the normal function of PrP C , loss of which could play some role in the disease process. Second, we will want to understand the individual steps along the pathway from PrP C to PrP Sc , isolating and characterizing the earliest conversion intermediates biochemically and determining where in the cell they are generated. This information will help distinguish between the nucleated-polymerization and template assistance models of PrP Sc formation. Third, it will be important to identify other cellular molecules that undoubtedly play a crucial in the conversion process. These species may be already identified molecular chaperones, or they may be novel proteins in cellular compartments through which PrP trafficks. Adding purified cofactors to in vitro conversion systems or using subcellular fractions that retain these components may make it possible to greatly enhance the efficiency of PrP Sc production and possibly the generation of infectious prions. Each of these cell biological approaches will allow us to develop a more detailed understanding of the pathogenesis of prion diseases and will ultimately provide the basis for the development of rational therapeutic modalities.
FIG. 9. Model of the cellular pathways involved in generation of PrP
Sc . In the infectious manifestation of prion diseases, extracellular PrP Sc in the form of a prion particle (labeled 1) interacts with PrP C on the cell surface, possibly in detergent-resistant rafts, catalyzing its conversion to PrP Sc (step 2). Conversion may also occur after uptake of the proteins into an endosomal compartment (step 3). Once formed, some PrP Sc accumulates in lysosomes (step 4), although the protein is probably found in a number of other cellular locations as well. In familial prion disorders, mutant PrP C is converted spontaneously to the PrP Sc state via a series of biochemical intermediates, the earliest of which is a PI-PLC-resistant form generated in the ER (step 5). Mutant PrP molecules are subsequently delivered to the cell surface, where they become detergent insoluble (step 6) and then protease resistant (step 7), possibly in raft domains. Steps 6 and 7 could also occur in endocytic organelles.
